BalloonAscent: 3-D Simulation Tool for the Ascent and Float
of High-Altitude Balloons

Rodger E. Farley
NASA / Goddard Space Flight Center, Greenbelt, Maryland, 20771

BalloonAscent is a new user-friendly software tool, which simulates the vertical and
horizontal motions of high-altitude balloons such as are flown by the National Scientific
Balloon Facility. The formulations are generalized as to allow simulated balloon flight in
other atmospheres on different planets. This paper will describe the theoretical basis and
how the tool is used to predict ascent behavior and float behavior under varying
environmental conditions.

Nomenclature
My = mass of lifting gas, kg
Tyas = temperature of lifting gas, °K
Peas = pressure of lifting gas, Pascals
Ry = specific gas constant of the lifting gas (2078.5 J/kg-°K for helium)
cy = specific heat at constant volume of the lifting gas (3121.5 J/kg-°K for helium)
cr = specific heat of the film material, J/kg-°K
Mg = mass of film material in the inflated bubble, kg
Pgas = gas density, kg/m3
Dair = ambient air density, kg/m’
Tain = ambient air temperature, °K
Pair = ambient air pressure, Pascals
P, = surface air pressure, Pascals
CFimass = air mass correction factor for smoke or haze in the atmosphere
ELV = solar elevation angle above the true horizon, radians
g = acceleration of gravity, m/s
Volumeusign = design maximum volume of the gas envelope, m’
Lyorepesign = design maximum gore length, m
e = orbital eccentricity
Ry = mean orbital radius, astronomical units (earth R,y = 1.0)
Thim = balloon skin bulk temperature, °K

o = Stephan-Boltzman constant, 5.67E-8 Watts/m?>-°K*

a = bulk averaged balloon skin absorptivity, visible sunlight
R = bulk averaged balloon skin absorptivity, IR

£ = bulk averaged balloon skin IR emissivity

3 = bulk averaged balloon skin transmissivity, visible sunlight
TR = bulk averaged balloon skin transmissivity, IR

r = bulk averaged balloon skin reflectivity

Gsun = direct solar flux, Watts/m?

q Albedo = diffuse planetary albedo flux, Watts/m?

Girpianes = diffuse up-welling planetary infrared flux, Watts/m>

Jsiy = diffuse down-welling infrared flux from the sky, Watts/m>

'Aerospace Engineer, Mechanical Systems Center, Code 543, NASA / GSFC
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I. Introduction

HE BalloonAscent balloon flight simulation code represents a from-scratch development using Visual Basic 5

as the software platform. The simulation code is a transient analysis of balloon flight, predicting the skin and
gas temperatures along with the 3-D position and velocity in a time and spatially varying environment. There are
manual and automated controls for gas valving and the dropping of ballast. Also, there are many handy calculators,
such as appropriate free lift, and steady-state thermal solutions with temperature gradients.

The strength of this simulation model over others in the past is that the infrared environment is deterministic
rather than guessed at. The ground temperature is specified along with the emissivity, which creates a ground level
IR environment that is then partially absorbed as it travels upward through the atmosphere to the altitude of the
balloon.

The environment is specified with:
a) Five-point Atmosphere model; temperature as a function of altitude which implies pressure
b) Winds aloft; wind speed and direction as a function of altitude
c) Launch location and month/day/time of launch
d) Day/night ground temperatures and emissivity as a function of time
¢) Cloud altitude implying cloud temperature
f) Ground albedo as a function of time
g) Cloud albedo as a function of time
h) Cloud sky obscuration fraction a function of time
i) Sun elevation angle as a function of local time and latitude/longitude

The high-altitude scientific balloon is a thermal vehicle. It lives in a mostly radiant thermal balance from the many
heat sources that influence it. When warm, the gas expands and either pressurizes the gas envelope or is vented. If
vented as happens with a zero-pressure balloon, then nighttime cooling makes ballast drops necessary. Soon one
runs out of both baliast and gas, which is why performance predictions are critical. Super-pressure balloon design
also benefits, as the day/night pressure drop is a critical bit of information during the design process.

These are the basic heat sources that influence balloon flight:
a) Direct visible light sunshine on the skin membrane
b) Reflected diffuse sunshine in the form of planetary ground albedo
c) Reflected diffuse sunshine in the form of planetary cloud albedo
d) Diffuse infrared from the ground/atmosphere
¢) Diffuse infrared from the clouds
f) Internal infrared “self-glow” of interior skin
g) Atmospheric convection
h) Diffuse infrared from the sky (important only in environments like Venus)

To give one an idea of the influences at 33 kilometers altitude on an average sunny day, the fraction of heat loads
absorbed in the skin of a large scientific balloon (10 to 40 million cubic foot volume) is approximately:

Planetary surface IR 49%
Direct solar 35%
Indirect solar (albedo) 20%
Self-glow internal IR 3%

Atmospheric convection  -7%

II. Theoretical Development

I will not describe every equation in the program, but rather focus on some of the more unique or essential
formulations.

A. Approximate Geometric Properties
Depending on the three classes of balloons treated in the software (spherical, zero pressure natural shape, or
super-pressure pumpkin), geometric properties are approximated with the following equations.
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First, the unconstrained volume of the bubble, m:

Tgas
Volume =M, - R, -—~ 1

gas

Equations for a zero-pressure shape, closest match for a sigma shape = 0.2:

Balloon diameter, top view, m:

) 075 M,V
Diameter =2.23.| — —£ )
7 pga.v
Length of gore exposed in the bubble, m:
L5 =1.37- Diameter 3)
Surface area showing in a zero pressure shape:
A, =2.582- Diameter’
or 2 (4a,4b)
A,,; =4.94-Volume®
Maximum “crenellated” surface area in a zero pressure shape not fully inflated:
2
Ay =4.94 - Volume,,, > -(1 = €OS(7 * Ly /Lgo,eDes,.gn)) o)

To include the effect of the crenellated excess surface area for convection and film mass calculations, an estimate is
made regarding the effective exposed surface area:

A pocive =0.65- 4, +035- 4, 6)
Top projected area:
T . 2
o = — - Diameter ¥
Aop =7
Height of balloon in a zero pressure shape:
Height =0.748 - Diameter €3]

Approximate average differential pressure due to buoyancy in a zero pressure design:

075 M, |’
AP = g (Pyy = Pyay) - 0.834 | —— —£ Q)
” pgas
Equations for a super-pressure pumpkin shape
Diameter, top view, m:
1
M )
Diameter =2.296- 075 My (10)
T pgas
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Length of gore in a pumpkin balloon, m:
L. =1.312- Diameter 1

gore

Surface area showing in a pumpkin shape:

Ay =2.635- Diameter’

§

or 2 (12a,12b)
4, =53-Volume®

Height of balloon in a pumpkin shape:
Height = 0.604 - Diameter (13)

Average differential pressure when in a super-pressure mode:

M gas ’ Rgas : Tgas _ P 14

V l air ( )
0 umedesign

AP =

If the unconstrained volume is greater than the maximum design volume Volumege;,,, then the required average
gas pressure is recalculated. If the balloon is a zero pressure design, then the gas will flow out the ducts with the
elevated pressure according to well-established duct-flow equations. If the balloon is a pumpkin super-pressure
design, the differential pressure can continue to rise until equilibrium is established or a vent is opened.

P, =P, +AP (15)

gas air

Hluminated Projected Area
The illuminated projected area of a balloon varies with solar elevation angle ELV, and uses the top projected area
Ayp as the reference. Equation 16a was derived from information in Ref. 2.

For a zero pressure shape: Aprojeciea = Awop * [0.9125 + 0.0875-cos(n — 2-ELV)] (16a)
For a pumpkin shape: Aprojecied = Awp *[0.8219 + 0.1781-cos(n — 2-ELV)] (16b)
For a spherical shape: Aprojecied = Awop (16¢)

B. Atmospheric Transmissivity
The transmissivity of optical frequency irradiance thru the atmosphere follows a Beer’s Law format of
exponential decay, the constants in the equation being derived experimentally for a clear atmosphere. A correction
factor CFmass is factored into the air mass ratio to account for fog and smoke, or for a different planet’s
atmosphere. This is a modification to the original equation found in Ref.1.
The Air mass ratio that the sun shines thru is calculated with the surface pressure P, !
. P
AirMass = CF, [%’—

airmass

)-[\/1229+ (614 -sin(ELV))? - 614-sin(ELV)] an

o

The transmissivity of a solar beam thru the atmosphere is then correlated with the air mass ratio: !
T, = 05- I: o 065 AirMass | ,=0.95 Ai,Mas“,] a8

at

For the situation when the sun elevation angle is below the true horizon but above the apparent horizon, use this
approximate formula to determine the air mass ratio (see Fig. 1):

1+EL‘V _7O_ELV (19)
Dip Dip

AirMass = E'i’—

0
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C. Direct Solar Environment

To generalize the solar environment for any planet, we must
know the orbital eccentricity e and the mean orbital radius R
For small orbital eccentricities, one can approximate the true
anomaly 74 as being reasonably close to the value of the much
easier to calculate mean anomaly MA:

Air mass at
ELV=0°
ELV

Thickness of
atmosphere

Air mass at TAz MA=2”—M——— (20)
ELV =~ Dip DaysPerYear

Dip

The day number begins at perihelion (closest and hottest).

Figure 1. Dip of the horizon and air mass.
Solar irradiance flux at the top of the atmosphere:

b
_ 1358 1 1 {i*‘e} ~1{-cos(TA)| Watts/m® 1)
-e

Isn =337 1+3

AU

For Earth, R,y = 1, e = 0.016708, for Mars, Ry = 1.52368, e = 0.093400, and for Venus, R4, = 0.723, e = 0.0068

At the balloon altitude Z, the direct solar irradiance is equal to the product of the top of the atmosphere value and the
atmospheric transmittance:

I

unZ =1

Sun ' Tarm (22)

D. Infrared environment

Just as direct solar is attenuated for thickness of the atmosphere, the same is applied to ground and cloud IR that
has to pass through a certain amount of atmosphere to reach the balloon. It is ASSUMED that the same coefficients
in the equations from section C. apply to IR as well, even though there absorption lines for H,0 and CO,.

Infrared diffuse flux at ground level with ground emissivity &gouns and ground temperature T s (°K):
- 4 2
quground - gground ‘0 T ground Watts/m (23 )

As with visible light, the ground IR is attenuated with a similar formula to Eq. (18):

—0.65-% ~0.95Fur
Tomg =1.716-0.5- € ° te ’ (24)
The ground-source diffuse IR flux at the balloon altitude Z:
qugroundZ = qugmund “Tamir Watts/ m2 (25)

Deserts will have the greatest day/night temperature swings due to little water acting as heat capacity/storage.
Somewhere on the order of 20°C swing is not unreasonable. Oceans should have the least day/night swing in
surface temperature. In the software, BalloonAscent will use a user-defined maximum day and a minimum night
temperature and sine wave between the two with a user-defined lag (in fractions of a day, 0.05 default).

Here is a suggested list of ground emissivity:

Desert; &,,., = 0.85 (data suggests great variation within a region, as low as 0.8)
Average ground; &,pung = 0.95

Snow; &grouna = 0.98

It is fortuitous that in the hottest places, the emissivity is low and in the coldest places the emissivity is high.
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E. Albedo Environment
There is a simple model relating surface albedo and
albedo flux. The spacecraft EOS-TERRA has data on
shortwave radiation flux average values and the
calculated planetary albedo. The numbers are averaged
monthly and so must include normal average cloud
cover. The assumption here is that the albedo number is
the total specular + diffuse solar reflection, but treated as
diffuse. BalloonAscent uses the effect of solar elevation
angle to achieve the instantaneous time varying albedo
flux. One can see from Fig. 2 that the incoming beam of
sunlight of flux strength Isun is diminished on its
transmission to the ground thru the atmosphere. Since
the solar angle is not directly overhead, the beam of light
Figure 2. Albedo model at the top of the atmosphere 5 smeared out over a larger surface area, diminishing it
further by the factor of sin(ELV). The measurements from spacecraft are from the top of the atmosphere, so this
model under calculates for when the balloon is at low altitude. It is further assumed that atmospheric glow is part of
the measured number.

lsun

? qalhedo

Albedo flux at the top of the atmosphere:
Qatpedo = Albedo - 1,

o -SIN(ELV) Watts/m® (26)
F. Cloud Modifications

The cloud fraction CF is defined as the fraction of the sky that is totally obscured by clouds. Note that clouds
attenuate the direct solar when the balloon is under the cloud level. Planetary albedo is attenuated differently when
below due to a one pass thru the clouds effect, and two passes through the clouds when the balloon is above the
clouds. Earth IR is attenuated when above the cloud layer due to obscuration. When below the cloud level, there is
no effect due to cloud albedo, but cloud albedo is counted only when above the cloud level.

Solar beam radiation modified for clouds:
If the altitude Z is below the clouds then direct solar flux Gsun = Lsunz - (1 = CF) watts/m? (27a,b)

If the altitude Z is above the clouds then direct solar flux gsun = Ig,7

Planetary diffuse IR radiation modified for clouds:

If the altitude Z is below the clouds then  Girptaner = Girgrounaz + CF * Qurciouaz watts/m? (28a,b)
If altitude Z above clouds then Girplanet = Qirgroundz * (1 = CF) + CF - Qireiouaz

Albedo modified for clouds:

If the altitude Z is below the clouds then Albedo = Albedogpuna - (1 — CF) watts/m> (29a,b)
If altitude Z above clouds then Albedo = Albedogouna+ (1 - CF)2 + Albedocipug - CF

G. Averaging the Film Optical Properties

The optical surface properties are expressed as absorptivity o, transmissivity t, and emissivity €. The balloon
surface is treated as an area-average between the properties of the balloon top (cap + shell) and the bottom (shell
only), and then area-averaged again with the properties of the meridional load tapes.

The view factor ViewFactor is the balloon surface area diffuse-radiant view factor of the planet. It is the ratio of
balloon surface area that “sees” the planet surface divided by the total exposed balloon surface area. Ry is the
radius of the planet, meters, and is equal to 6371000 for earth.

R
HalfC =gin' | ——Llane 30
f Oneangle {RPlanet + Z ( )
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ViewFactor =

(1 —cos(HalfCone,,,, ))

H. Radiant Heat Loads on the Film

2

€2)

The following equations will relate the radiant fluxes affecting the balloon skin, and the resulting absorbed

\\\\

qsun

q

outer skin

Escaped radiant heat
from inner skin

q cloud albedo

9 earth albedo

Figure 3. Radiant flux sources affecting the balloon skin

Absorbed direct sunlight heat:

QSun =a- Aprojected ’ qSun ’ I:l +T (1 + rej]"eclive)]

Absorbed albedo heat:

QAIbedo =a- Asurf : qubedo -ViewFactor - I:l +7- (1 + reﬁ'ective):]

Absorbed planetary IR heat:

QlRplanel = alR ) A.\'urf ) quplanel -ViewFactor - [1 + TIR ’ (1 + reffeclive ):I

Absorbed IR from the sky:

Qleky = Ay 9 Roky '(1 - ViewFactor) : [1 +7, (14 reﬁ'ective):l

Absorbed IR self-glow from the interior:
Ougiiimn =0 "€~ 4,

radiant heat loads. As can be seen in Fig.3, the film is
not only affected by the outer environment, but by the
inner environment and the trapping of heat by multiple
reflections.  These multiple reflections raise the
effective interior absorption. Recalling that
reflectivity » = 1 — @ — 7, and the effective reflectivity
becomes Fogie =T+ P+ + 1+ +...

From Kirchoff’s law of radiation heat transfer, at
any specific wavelength the absorptivity is equal to the
emissivity while in thermal equilibrium. Even though
this analysis is for transient conditions, we still follow
this rule. This is important because absorptivity is
generally given for solar short-wave frequencies, but
emissivity is given for IR wavelengths. So if we are
interested in the absorption of IR radiant energy, we
use the given IR emissivity as our IR absorptivity (e
= &)

Emitted IR energy from both interior and exterior of the balloon skin:

4
QIRour =02 Aswf ' Tﬁlm

I. Convective Heat Loads on the Film

Watts (32)
Watts  (33)
Watts  (34)
Watts 35)
wr T (L Foie) Watts  (36)
Watts 37

The convective heat transfer of the balloon involves transfers between the atmosphere and the exterior skin, and

the lifting gas with the interior skin.
convection.

Air and Gas Properties

7

The external convection is partitioned into free convection and forced
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Dynamic viscosity of air’:

1.458-10°%.7."° 2
L N-s/m (38)
Har =104

air

Dynamic viscosity of helium gas’:

0.647
-5 Tgas' 2
Moo =1.895-107 | —£2— N-s/m (39)
) 273.15
Conductivity of air’:
T 09
k,, =0.0241.| —2— Watts/m-°K (40)
273.15
Conductivity of helium gas’:
T 07
ke =0.144 | —E— Watts/m-°K [¢3))
273.15
Prandtl number for air, dimensionless’:
Pr,, =0.804-3.25-10"-T, 42)
Prandtl number for helium gas, dimensionless™:
Pr,, =0.729-1.6-10" T, (43)
External Free Convection
Dimensionless Grashof number:
pair2 : g 'lTﬁx’m - T:zir} . Diameter3
Grair = I2 (44)
Tair : /uair
Dimensionless Nusselt number for a sphere in free convection:'
Nu,, =2+0.45-(Gr,, - Pr, )" 5)
Free convection heat transfer coefficient for the external skin:
Nu -k
HC,,, =—#— Watts/m*-°K (46)
Diameter

External Forced Convection

When the balloon is ascending, the convection does not rely on differentially warm buoyant air for convection,
but rather the vertical velocity forces the relative movement of air. First we calculate the Reynolds number, which is
the dimensionless ratio of inertial forces to viscous forces; Re = Velocity - Diameter - pyi | Hair

Forced convection heat transfer coefficient for the external skin:®

k,
HC )0y = —2—- (2 +0.41- Reuss) Watts/m’-°K 47N
Diameter
Internal Free Convection
Reference 3 has an equation for the heat transfer coefficient inside a sphere, which BalloonAscent uses unaltered,
and is reproduced here:
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Pr, gas

HC. =0.13-% pgas ) l flm_ gav

internal gas '
Tgav luair

Watts/m2-°K (48)

Total Convective Heat Transfer
For the external heat convection, the greater of the two values between free and forced convection is selected to
equal HC y.ma. The heat loads are thus:

External convection heat load: Ocomist = HC siemar " Aegrocive " Loir = T jtm) Watts (49)

Internal convection heat loss: Ocomint = HC iiemat * Aegciive " Lfitm = L) Watts (50)

J. Lifting Gas Temperature Differential Equation

The lifting gas rate of change of temperature is formulated on the adiabatic expansion response modified with
internal convection interaction with the film. Whether from mass loss or purely a change of volume, or a
combination of both, the gas will respond according to adiabatic expansion if the heat input Qg is zero.

dTgaS = QCanvlnl +(}, 1) gas . dpgas

°K/s &1))
dt c, M g s dt
Expressed in terms of mass and volume change derivatives:
dTgus —- QC(vam +( 1 dMgas 1 dVOlume 1 R
= y=1) T : - : K/s (52)
dt Mgas Ly dt M gas dt Volume

Where y= c,/c,, and R /¢, = y- 1

K. Film Temperature Differential Equation
The rate of change of the film temperature is derived from the simple transient energy-balance equation:

arl film _ (QSun + QAIbedo + QIRpIanet + QIRsky + QlRﬁlm + QConvExt - QConvlm - QlRoul) Kis  (53)
dt ;- M JiimB

L. Valve and Duct Flow Differential Equations
Flow thru a duct or valve depends on the differential pressure across the area interface, the cross sectional area,
the density of the gas, and a discharge coefficient. The velocity thru such a duct or valve is:

, AP
Velocity 1,, = Cparge " |2 - —25 m/s (54)
pgas
This leads to the differential equation:
aM .
d tg - = _Avalve : Cdischarge ) 2 APvalve p gas kg/ S (5 5)

The mass flow can apply to either a duct flow situation as in a zero pressure balloon, or a valving situation as in a
pressurized balloon.
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M. 3-D Acceleration Differential Equations

The total buoyant force produced by the balloon is the gross inflation, G/. With the average differential pressure and
the gas temperature, the gas density is determined with the ideal gas law. The ambient air density is known, and
with this information the specific buoyancy b is determined:

b = g ' (pair - pga.\') N/m3 (56)
The gross inflation:

GI =b-Volume N (57)

The aerodynamic forces are determined from the relative wind with respect to the balloon’s motion. If Ux, Uy, Uz
are the balloon’s absolute velocity components, and Vwindy, Vwindy, Vwindy are the wind’s absolute velocity, then
the following are the relative velocities:

Vrelative, =Vwind, -U,
Vrelative, = Vwind, -U, (58a,b, c)

Vrelative, =Vwind, - U,

The magnitude of the relative wind:
1

Vrelative = (Vrelative * + Vrelative,* + Vrelative,” )2 m/s (59)
X Y V4

The magnitude of the drag force, where C, is the drag coefficient and the reference area is the top projected area:

1 ,
Drag = > Par -Vrelative’ -C, - 4,,, N (60)
The drag coefficient has in the literature for a sphere values ranging from 0.1 to 0.47. However, a rising balloon is
not a sphere, and more resembles an ice-cream cone which may have an equivalent drag coefficient based on the
calculated spherical diameter of C,= 0.8. The drag is now partitioned into its vector components:
Drag, = Drag -Vrelative, /Vrelative
Drag, = Drag -Vrelative, /Vrelative N (61a,b, c)
Drag, = Drag -Vrelative, [ Vrelative
The differential equation governing the vertical motion of the balloon where Mg, is the over-all mass of the
balloon, less gas (suspended mass plus balloon material mass):
c(& _GI+Drag,-M,,.-g
ar M

m/s/s (62)

virtual

The virtual mass is calculated with a virtual mass coefficient C,;,.... This is to take into account the mass of air that
is necessarily dragged along with the balloon mass. Values assumed range from 0.25 < Cyjpp < 0.5.

Mvirlual = Mgm.s‘.\" + Mgax + Cvirrual : (pair : VOlume) kg (63)
The horizontal accelerations:
d U, Drag, c{ U, Drag, (64a.b)
X T ToX Y =TSy a,
dt M virtual dt M virtual
10
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III. Software Interface

The BalloonAscent interface is simple and intuitive. Figure 4 shows the main form in the background with a top
row menu bar, which includes some handy balloon flight calculators. The sandwiched form is the data page, and it
is subdivided into 13 categories, each accessible by clicking on the appropriately labeled command button. The data
fields are made visible, sometimes with a new pop-up form, as is shown in the ambient environment data card. On
the top row menu bar there are location templates to load coordinates and dates from the typical NSBF launch sites,
as well as templates for typical NSBF zero pressure balloons. The ambient environment is defined such that it can
vary four different times during the simulation. The maximum daytime and minimum nighttime temperature for a
given area is defined, with a sine-wave variation between the two implemented automatically. The atmosphere can
also be modified with a diurnal delta temperature variation and lag time, which will effectively compress the
atmosphere slightly at night. The ground emissivity and albedo is defined, as well as the cloud albedo and cloud
fraction, which just about sums up the typical float environment. As a bonus, which also helps to model off-world
situations, the radiant flux environment (solar, albedo, IR up-welling, IR down-welling) can be directly defined
using Beer’s law exponential decay coefficients. The software has a calculator on the ambient environment data
page to calculate the coefficients from planetary data that you might happen to have.

% Rodgers Balloon Ascent and Thermal Simulator
Click for DataPage Print ThisPage HELP CALCULATORS EXITPROG!AM

INDITIONS AT THE SIMULATION END rPress button to graph variable
otal Ballast Dropped, kg 657
(Gas Mass kg 3771 \._1 Bu::ﬁlm Temperature |
Average Gas Temperature, K 218 | B\:l Gas Temperature ‘
Iverage Film Temperature, K~ 218.3 | Air Temperature
Air Temperature, K 2339 g Diﬂewnﬁd Pfé!m, Apex |
Vertical Speed. |

WAltitude, m
Latitude, Longitu Read from He Save to Fle Load BalcmTemplabes Load Locaﬂons
Distance travele
[Sun Elevation, d

|
f : Balloon Luum:h Location : L Winds Aloft |
Apex Differential A I Ballast Control Optical Properties J Liting Gas l Planetary Data | |
| aunch Stress In Characteristics smj Time : 4 f(altitude) |
lLaunch Free Lift i i Ambient ; Miscellaneous 1
Ztaqulreld CupT|;( Material Properties | - = oot Valve Control VentDucts Atmosphere Settings }
_ ~BALLOONCHARACTERISTICS— . 50000
Heat Loads into sl i ; i 3 ¥
oeun 0 445 Mass of Gas, kg
Qalbedo 0 r“""—‘ ™. AMBIENT ENVIRONMENT L =i0jx
QIR planet  2¢ HEE g | { —.LJ—J
g:g jl‘l‘% 9103?71 |557 s @ [0 iz 22 [ Flight Time, hrs I~ Direct Input of Radiant Environment?
convAIr 23 \ If checked, then the data profiles to the left will be ignored
Bcoanelium mj—_‘*" Focsl bl ﬁ1 8 IZB5 IEDU I Day Temp, K d, P gl
. 4 e Min Night Temperature of [' > I"""_ r— y I— o Following Beer's law of exponential decay thru the
ﬁu:mn'e Sourcn'al 177448 Locel Geography, K 300 il d M Temak atmosphere, the solar and IR environments can be directly
wveral sun fiL P alytm—— H 5
Average galbed 44 et st
[ﬁ"a’ﬂga qiRples fao0 q = a* exp”(b*altitude) * Sin"c (solar elevation),
&3232 2{5:‘;{ Emissivity of Local 0 Il 2 | Flight Time, hrs walts per square meter, altitude in meters
Geography
Saurce alRgrout 0.83 0.95
Eoufce glRclouc i r ! I ! Tampersi. & If you wish the levels to be constant make b=c =0,
round IR Attent : and a = constant flux value
wverage skin ab r““—'ﬂ l‘—‘—‘ r—“ I"“— . :
Kvevnge skin IR Ground-Only Albedo . 12 Ehidntlime s fitt ial ; imine
Bmcf pumpkil Calculator for curve fitting exponential function (determin
[Average skin so [u‘s |0,23 | Ground Albedo a.b from data)
IConvective Hea a b c
HC internal, watt 12 22 . ” i
PC el wah PPl [ ‘ r I Flight Time, hrs | Solar Radiant Flux Isgs lu 00002 0.03
: oo _Hos oo fi CloudAlbedo | pianetary Albedo Fiux ~ [435 [o [fo—
‘Write Output to Text File G R
{, F__..___ ﬁz—_ [2—2———- I——-—— Fiight Time, hrs Planetary IR up-welling flux |43U I 0.00001847 0
i Click to Start Simulation Cloud Fraction, i
i i Sky IR down-welling flux |0 0 0
obscured sky 005 I'lﬁ 0.05 Cloud Fraction ky g | |
Note: The value of "a" is the ground value with a zenith sun
Altitudse of clouds (d ines cloud

P ,mF&W—

c
W-—'T‘ress 10 Accept Data | Rl [a'ebxz}'[smﬁw sun’u o

Figure 4. Program 1St form main data page, and amblent envnronment data card
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IV. Example Results

A. Adiabatic Test Runs
To test whether or not the simulation was correctly determining the gas temperature during ascent or during a
period of venting, the internal convective heat input to the gas Qc,mm Was set to zero. One would then expect the
gas to behave in an adiabatic fashion according to the following equation:
y-1
T,=T,-| & (56)
P

Several runs were set up, the first an ascent with no venting, the second a pressurized pumpkin venting off
pressure at a constant altitude. In both cases BalloonAscent followed the adiabatic expansion Eq. (56) exactly.

Considering that helium is a mono-atomic gas (no rotational or vibratory degrees of freedom) with weak Van de
Walls forces when warm, it should follow the ideal gas laws assumed here quite well. Expansion thru small nozzles,
where Thompson-Joule effects will deviate temperatures greatly from adiabatic assumptions, is not credibly
applicable to ballooning except in situations during filling from helium bottles. This software does not address that
portion of balloon operations, nor is it necessary for determining ascent or float behavior.

B. Zero Pressure Balloon Simulation

The 40 “heavy” zero-pressure balloon example was simulated here for a flight from McMurdo station Antarctica.
Such balloons have seen diurnal variations in altitude on the order of 4500 meters, where as the simulation shows a
larger variation on the order of 8000 meters (see Fig. 5). The change in altitude is caused by the variance in albedo
flux, as can be seen in Fig. 6. The most logical explanation is that snow and ice have specular as well as diffuse
albedo components, which will add complications to the simple diffuse albedo model of Eq. (26). Future versions
will therefore include a specular albedo flux as a function of solar elevation angle and zenith surface reflectivity.

Figure 7 shows the gas, film, and air temperatures, and Fig. 8 is a ground track on an orthographic projection
centered over the average location.
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Figure 7. Zero pressure balloon temperatures

C. Super-Pressure Balloon Simulations
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The super-pressure example simulation is a 13 million cubic foot pumpkin with 245 gores, launched from Alice
Springs Australia. It simulates the hot day case of traveling over the desert, and a cold case that night over a cold
storm in the Pacific Ocean followed the next day by a typical mid-latitude warm ocean day. Figure 9 shows the
variation in altitude; indeed the balloon looses all super pressure during the cold storm night and levels out at a
lower altitude. Ballast could have been dropped, but to achieve 100 days of flight, an occasional altitude drop if not

too severe is considered acceptable.

. Graph Form

w. Graph Form

Balloon Altitude, meters above mean sea level
35230

Ambient Air Temperature vs ti

300

=lofx

deg K

11 /Div ( \
\

|y g .
Cleer Graph | {\M— _J‘

Move mouse
over datato see

hot case average ocean day
; \ |cold night ]
Al m I 1
AR
! N\ Altitide drop as a
zero pressure balloon
3464.1 /Div “ J
i S
I~ Super|pressure
Print
Clear Graph
Move mouse
over datato see
xy coordinate L - e =
X = 47.005
Y = 8712.755
589
0 Elapsed Time, hr

Figure 9. Super pressure balloon altitude variation

48

xy

X=36731

Y =193773

s
film

‘ |

180 .

n Elapsed ‘Tims. hr
Figure 10. Super pressure balloon temperature
variation

13

American Institute of Aeronautics and Astronautics

48



& Graph Form I i w. Graph Form il ! #]
Balloon Vertical Speed, m/s Apex Diff ial Pr p

g | /—\ Tiormataverage mid fatitt Tday

Spesd. m/s ¢ p \ 4{/ i ( \ |
sl VY /
0.9 /Div A \ / l ‘\

it |
cnsonw |

Clear Graph Clear Graph

E

Move mouse Move mouse \
over data to see | over detato see |
Xy i % i e
X=17036.26 X=2073 \ gl‘:::: orm cage with 60% normal average mid latitude
¥ =205 [ PR coverage \ | [l | ocean night
| . \ \
A ! N |
A Altitude, m 33551 0 Elapsed Time, hr 4t
Figure 11. Super pressure balloon ascent velocity Figure 12. Super pressure balloon differential pressure

D. Mars Balloon Simulation

The two things to understand about Mars balloons are that scale-wise they fly at the bottom of the atmosphere.
The atmosphere is thin, so the bottom offers the most buoyancy. This also forces the design payload to be small
compared to the mass of the balloon material. The other consideration is the large diurnal temperature variation of
the surface and atmosphere, reportedly 30 °K. This has the effect of compressing down the atmosphere at night,
which leads to a very curious phenomenon regarding balloon flight on Mars if using a super-pressure design. The
idea of the pressurized balloon is that so long as some internal pressure is maintained, the displaced volume is a
constant. This means that the system density (total mass including gas + total displaced volume) is constant, and as
all balloons, will match the atmospheric density when in float equilibrium. A Mars super-pressure balloon will find
itself at night lighter than the surrounding air that has compressed down, and as a result will float upwards at night,
and sink back down during the day, as shown in Fig. 13. Figure 14 shows the resulting radiant flux environment at
the balloon’s altitude.
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V. Conclusion

BalloonAscent is on its 32™ version and still evolving. It is extremely user-friendly with intuitive data entry
interfaces. The environment is defined with measurable parameters, and transmission models are used to propagate
the environment to the balloon’s altitude. Envisioned improvements in the future are to have built-in sigma shapes
such that stub-ducts can be correctly modeled. A stub-duct is a short duct that is opened on command with a squib
in order to lose a specific amount of gas such that a specific amount of altitude is lost. The other improvement has
been mentioned already, to improve the albedo model for polar flights by including a specular component to the
model (currently only diffuse is assumed). Another improvement is to consider a simple down-welling sky IR
model as a function of altitude, which could add as much as 160 watts / m? at the launch altitude. This effect is
admittedly very small, and at float the effect is nil.
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